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Ultrasonic diagnostic imaging system transducer array with mblttllrte patches 



This ioveoikra relates to uteasosie diagnostic imaging systems and, la 
particular, to ultrasound systems with mrftMlmensional array s with patches of elements 
producing multilines Som a single transmit event 

Ultrasound systems are presently available which produce images of three 
5 dimensional (volumetric) regions of the body. In order to form, a three dimensional image it is 
necessary to aeoostieally .scan tbe voimrseiric region which is to be imaged. Prior art attempts 
at scammig three dimensional volumes have generally employed smudard one-Kinienslonal 
array transducers which are capable of eieetronieaiiy scanning an image plane. The 
transducer Is .mechanically scanned in the elevation dimension to sweep the scan plane 
10 through the -volumetric region. The acquired planes are then assembled to form the three 
dimensional image of the volumetric region. 

A problem with mechanically swept sy stems is that: tire echo 
entire volumetric region generally cannot 'be acquired, rapidly enough for real Sme Imaging. 
For real tkne imaging it is preferable to use a two dimensional (2D) array which is steered 
J S eiechonieaHy, The speed of electronic steering permits the vohnnetrie region to be idly 
scanned rapidly enongh for real time image production. However a 21> army can have 
hundreds or thousands of transducer elements. A probe cable with a conductor to the system 
beamfdriner .for each transducer element then becomes impractical.- The solution to this 
problem has been to provide some of the heamforrning in the probe, thereby producing a 
20 smaller munber of partially heanvformed signals which can be conducted through a cable of 
practical size. Probe beamfbrnihig is shown in US patents 5,027*820; 5,229,933; aud 
5.997,479, for instance. 

While addressing the pmhlem of cable size, the 2D array is stii! required to 
transmit and receive a large number of beams in order to fully acoustically sample the 
25 volumetric region being imaged. To rednce the rime required to fully scan the volumetric 
region, it Is desirable to form multiple differently steered receive beams (multilines) in 
response to a single transmit beam. The '479 patent also addresses this aspect of the problem 
by providing a multiline heamformer in the ultrasound system to winch the 2D array probe is 
attached, it would be dftsmaMe however, to be able to perform mnitiline reeeption in die 
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probe itself, enabling a sigmficaht hiumfeer of m^ltiiifiess to then be produced by 'the 
ultrasound system processor. 

la accordance .with the priiiclples of the present inveruioo, m ultrasound 
system probe includes a midnduaer^ioMl feaasduc«r airay whim is arranged into sub- 
5 aperture groups of elements <&.■ ^^^^ : #jr^g,t«<^v«. Each patch is coupled to a 

mkrobeaorfoxmer In the probe which be^fdnBs tfee eebo MpaJs of the patch to form two or 
more differently steered beams m response to dhe saina transmit event- In. one embodiment 
the patch mul hlines are coupled- to an iilttmmmd 'system processor where tbe n raid lines are 
%&&& to produce multiple- seanhrses either through nudhline heama%mimg or muhitine 
10 interpolation. 



In the drawings: 

Fig. 1 illustrates coronary ar teries msversing the surface of a heart; 
'ifS Fig, 2 Illustrates an angiogram of a portion of the eoro&sry arteries slKtwn in. 

Fig. I; 

Fig, 3 illustrates a three dimensnonal volume mterseetiag a portion of the wall 
arid chamber of a heart; 

Figs. 4a~4c illustrate the sequential mrasiop of the chamber, myoea^ium and 
20 coronary arteries of the portion of the heart inside die volume of Fig. 3 ; 

Figs, 5a and 5'h illustrate "slit~o-vMotf 5 scanning of a three dmiensional 
volume with a linear and a phased array transducer; 

Figs, 6'a and 6b illustrate mechanical scanning of a three dimensional volume 
with a. linear and a phased array transducer; 
25 Figs, 7a and 7b illustrate electronic slit~o~v|sion. scanning ©f a three 

dimensional volume with two dimensional linear and phased array transducers; 

Fig. 8 illustrates an ultrasonic diagnostic imaging system constructed in 
accordance witls the principles of the present invention; 

Fig. 9 illustrates the partihornng of be-amibmhng between a seaohead and an 
30 ultrasound system; 

Fi gs. 1 0a and 10b inustrate festeedng of a bearn In the elevation direction by 
-a seuohead beanrfomier; 

Fig.. 1 1 a* 1 lb and lie ilnstrate difeeravemhodimoois of a seanhead elevation 

beamformer; 



WO &2fl72m W€TfE$*®t0BMt 

3 

Fig. 12 Jlfaistrates %&'6i0^^<m.-sead-c(mi3:ol of a number ofbeaaafotmsr 
enamels of a seaahend simian beamtormer; 

Fig, 13 is a plan view of a two iimstisioiial transducer array for three 
dimeuskmal soajsaiag m accordance with ^e'j!t^^--mveiitiaH; 
5 Fig. 14 illustrates a receive sub-aperture of the Uansdueer array of Fig, I 3; 

Figs, ISa-lSg illustrate diiYerent traxsssmit sub-apertures of the tra&sdttcer array 

of Fig. 13; 

Fig. 16 illustrates scanhaad mierocirenitry for sampling the signals recei ved fey 
a transducer element of the transducer array of Fig. 1 3 in * desired time relationship; 
] 0 Fig . 1 7 is a more detailed view of die rsiicrQcircaitry of Fig. 16; 

Fig. 1 8a illustrates a seanhead micm-beamformfcr md maldline bearnformer 
system, suitable for processing the signals received by the traosducer array of Fig, 13 ; 

Fig, 19a illustrates operation of the system of Fig, 1 8a for a hexagonal 
scanning pattern; 

13: Figs. 19b m& 1 9c illustrate the use of interpolation, to develop a hexagonal 

sesMms pattern; 

Fig. 18b illustrates the use of a rmdtiline seanhead miero-berafbirner In 
combipafion with a system multiline transformer; 

Figs. ISc and IM illustrate single Hue and andtiline beam steering from a 2D 
20 transducer array patch; 

Fig. 20 illustrates a three dimensional volume sontaMng a two dimensional 

image plane; 

Fig. 21 illustrates the time interleaved sampling of the three dimensional 
volume and two di.meask.mal image plane of Fig. 20; 
25 Fig. 22 illustrates a duplex display of the three dimensional volume and two 

dimensional Image plane of Fig, 20; 

Fig . 23 illustrates a duplex display of a large three dimensional vol ume and a 
smaller three dimensional volume contained witjhiu the larger volume; 

Fig. 24 illustrates a three dimension Image volume containing coronary 

30 arteries: 

Fig. 25 ili«st^^.m^^i%s:.fbf-^ee]!ing..l|je center of a blood vessel in a 
three dimensional. Image; and 

Fig. 26 illustrates a-sM^teaed?* display of one of the coronary arteries of 

Fig, 23. 



WO 02/ J 72% 



4 



Referring first to Fig. .1 . a picture of a heart 1 0 is shown. Located on the outer 
snt&c-e of the heart are fee coronary arteries 12, which provide a continuous ■ supply of Mood 
5 to tfee heart muscle, the awocarcEian, The outer swfaee of the heart is imegalarly rounded 
with periodic- depressions and elevations, and the coronary arteries located on this surface 
follows this oonttonousiy bending surface and its high and low points, Thm$ the coronary 
arteries are not located on a planar auxfkjOj but on a surface which undergoes marry curves 
and contortions. The coroaary arteries eattnot he imaged by a single plane which Bisects the 

1 0 heart, but by teehmqeas which will image the three dimensional paths of the coronary arteries 
and all of their bends, twists, and turns. 

Fig. 2 depicts an angiogram of die coronary arteries of the heart of Fig* I > The 
angiogram of Fig.. 2 is formed by first injecting -a radiopaque dye Into tire body which infuses 
the cor onary arteries , A broad beam of x-rays is then transmitted through lite chest of the 

15 patient and onto a radiographic plate ©a. the opposite side of t he patient The radiographic 
plate is continually scanned to create an image. The x-rays which pass through the heart 
without ^Intersecting the mmmxy arteries will appear as bright areas in the image, hut x-rays 
which strike a dye-ininsed artery will not reach die radiographic plate, leaving an x-tay 
**shadow*' 14 of die coronary arteries on the plate. The resulting shadow image of the 

20 coronary.'- arteries wit! appear as shown in Fig. 2.. Since a large area or even the full heart Is 
illuminated with x-rays, the twisting arid nuaiog coronary arteries on the heart surface will 
leave a pattern In the transmitted x-rays, even though their twists and tarns extend in three 
dnneosions. Ohstracdons in the cornnary arteries will be revealed by sudden changes in the 
width and/or brightness of an arterial "shadow," 

25 Fig. 3 depicts tire ventricular region of a heart. The left ventricle hV. and right 

ventricle RY axe depleted on the drawing. A portion of the heart wall and led ventricle are to 
be imaged in this example, and are contained whhin an imaging volume 20, The chamber 
volume of the left ventricle Is indicated at IS, the .myocardium is indicated at 1 6, and the 
coronary arteries 12 are located on the outer prrface of the myocardium. An ultrasonic 

30 contrast agent Is mtroduced into the body of the paferri and the imaging volume is scanned 
ultrasonieally for both the hamie^ apdl&e soalijear ftmdansental return from the contrast 
agent. Initially, before any of the contrast agent has reached the heart, them will be no 
harmonic return except that <^j^;§y\!s@p!ig^ propagation of the ultrasonic signal, which 
will be relatively low in intensity. This tissue harmonic return can he reduced by pre- 



5 

distorting the transmitted pulse as described in LIB. patent 5,980,457 or by thresholding or 
other teoinuqufis, When toe contrast agent reaches fee heart through, the cireailatoty system it 
will initially the dbamjber of the |eft;wt^0^^«aia^b% volume 20, as depicted in 
Fig. 4a. The left ventricle will •H^tii^.^^-a'st^j^-toift.aiiic! return asd will appear brightly 
5 in the ultrasonic image. As the contrast agent is pimped from the heart it will next Infuse the 
coronary- arteries 3 % as depicted Is Fig. 4b* At this stage both, the heart chamber 1 8 and the 
coronary arteries 12 will appear brightly hi the tnt^phte Image. Finally the contrast agent 
will perfuse the capillary bed of the myocardium 16' from the coronary arteries 12. Use three 
regions 12, 16 and 18 will to appear brightly lihmiinated by the contrast agent return 

10 echoes as depicted in Fig. 4c. 

Since the- purpose of the procedure is to examine the coronary arteries with as 
little clutter ftom other tissue as possible, it is the second stage of in&slon, that depicted ia 
Fig. 4b, which is of pnmsty interest Hence the clinician should* be recording the sequence of 
events so as to capture the ultrasonic images when the coronary arteries are infused with 

15 contrast agent and before the myocardium becomes perfused, since harmonic signals from 
the ■myocardium are nnwanted and would he regarded as clutter* The harmonic Return from 
the chamber Is also considered clutter as It Is uuwauted harmonic signals apd can 
Interfere -with the projection of the infused coronary arteries onto an image plane, When 
miages s-uch as those depicted in Fig. 4b have been captured, they are preferably processed to 

20 ehmrnate die unwanted signal from the heart chamber 18, litis can be done by adaptive 

beamibrming and/or by image post-processing which spatially .mask out the unwanted image 
signals. Sine© the left ventricle 1 8 is Infused first, m algorithm which, detects the initial 
harmoaie return and then masks out image areas contiguous with the initial harmonic return 
within one or two heart cycles can effectively remove heart chamber signals from the Image, 

25 Another technique for masking the left ventricular return is to recognize that the left ventricle 
is a large blood pool and eliminate displaying signals in large area which lack tissue return 
signals. Tbieshohliag can he used to segment between blood pool signals -which have a blood 
signal density ©£'100% and the approximately 6% hlood signal density of tissue. Another 
sensing technique is to operate m $be Si»daa»j»M.fi«qumcy spectrum and recognize thai 

30 fundamental frequency signals retnraed few blood are of a lower amplitude than echoes 
returned from tissue. Harmonic signals returned from areas with predominately low 
amplitude fundamental signal x&mm-ms elhmoated from the display to mask; the left 
ventricle. Yet another technique Is to recogntee mat hloodflow velocity in the left ventricle, is 
greater thaa that m the coronary arteries or myoeardimm and mask out the highest velocity 
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signals torn the display, 'Die remaMag bright image signals from the coronary arteries cm 
then he displayed m a three dimensional display, or projected onto a darkened image plane as 
by three dimensional ma^mrum intensity r endering to produce a two duriensional ultrasonic 
pmjectiori image of the coronary arteries wMeh will appear much like as angiogram m4 

5 hence can be used for diagnosis by dMnfck^ angiograms. 

The segmentation of Image areas into Mood ami myocardium can also be used 
to adaptively beamfbrm. m order to Inerease spatial msolaiiori aud temporal resolution m. the 
nayocardinm. Such a process would generally use larger transmit apertures (with less beam 
width but requiring more transMlt cycles) in the regions of interest (e.g. , the myocanSum), 

1 0 Smaller transmit apertures are used, m the blood poo! regions to penult higher-order 

uridine, and thereby provide fester acquisition. Ja addition to these aperture adaptations, 
adaptive heanminning techniques wM<s&eafea»ce the imaging of th e coronary arteries include 
sensing the intensity of received signals so as to detect the 'high intensity return si goals from 
the contrast agent Infused, blood pool of the left ventricle, and responding by reducing 

IS transmit power - to the left ventricle* since the left ventricle signals are unwanted aid reduced 
transmit power will cans© less disruption of the agent m the left ventricle which is being 
puniped to the coronary arteries. Another alternative when, nsing multiline reception, which 
requires a "fat" fbroad) beam to insoniiy multiple scanlines simul taneously, is to adaptiveiy 
alter the aperture and hence narrow the transmit beam, profile when overlapping the left 

29 ventricle, since tie beam need only be broad enough to hisonify the coronary arteries and not 
the coronary arteries and the left: ventricle/ Yet another adaptati on is to optlmkc time^of- 
fllght adiusUnents for tissue and not blood, and to inhibit these adjustments when receiving 
blood pool, signals from the 'left ventricle, which is not the target of interest Yet a further 
adaptation is to adaptively tailor the aperture in consideration of transducer elements which 

25 are blocked by the ribs when imaging the heart transdroracieaby. 

it has been found feat the coronary imaging procedure can be conducted to 
prevent the third stage shown in Fig. 4c from etTecrively occurring, thereby sustaining the 
desired second stage of infusion shown in Fig, 4b where the coronary arteries are clearly 
segmented. The flue capillary bed of the myocardlnna 16 is perfused slowly by a very small 

10 number of miembnbhies of the contrast agent The velocity of bioodSow is, a coronary artery 
supplying blood to a capillar bed will be- relatively high, and as the volume of blood is 
distributed over tire many capillaries of the bed the velocity becomes considerably lower in 
the eapilaries. The bloodflow vddclty mcream again in the large collector vessels at the 
output of the capillary bed, ApproxunBtely five to eight cardiac cycles cart be required to 
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initially perfuse a capillary bed of the myocardium, or to reper&se fee capillaries after the 
contrast agent has been disrupted By balancing the image frame rate , the transmit pulse 
rate) and the transmit p ulse po wer, these W small micapbtiblsles can fee continuously 
disrupted as they begin to perfuse the myocardiau? v A M^jer fraiBe rate and/or a higher 
5 transmit power will cause increased aiicxpfeabfele disruption in selected areas of the 

eanliovasealar system. It has been found that tmnsnuMing with a mechanical index setting of 
approximately 0.1 or less will cause Msle or po rnicrnbubfeie dismption, enabling the blood 
pool of the heart chamber, coronary arteries, and the myocardial capillary bed to be imaged at 
these levels. Above this level noticeable mfcrohubble disruption will occur, In die range of a 

.10 mechanical index of approximately 0.2-0.5, nnerohufebles are disrupted in substantial. 

numbers before they are able to reperfase the capillary bed m die image plana. Thus,, imaging 
at these power levels will result is sigrufieaut haraionie signal returns from the heart ehattaber 
md coronary arteries, which are significantly reinthsed in die image plane between transmit 
pulses, with little signal returns from &e capillary bed, Athigher power levels, and 

1 5 particnlarly above a mechanical index of 1 .0, there will fee substantial mierohnfeble disrupuon 
in the heart chamber, coronary arteries., and capillary bed, with only minor minfpsiou of the 
image plane m die heart chamber blood pool. The exact numbers will vary for particular 
contrast agents. By use of a suitable low but disruptive mechanicsl Index setring, the capillary 
feed of 'the myc»car4itt£n can be efiecdveiy kept free of substantial amounts of contrast agent 

'20 and hence will produce little if any harmoalc contrast return signals. The result Is that the 
second stage of fig, 4b, where only the heart chamber and coronary arteries are producing 
significant harmonic return signals, can be -maintained for a considerable period of rime by 
proper selection of frame rate and transmit power. Combining selective disrupti on of the 
capillary bed with masking of the left ventricle blood pool enable the coronary arteries to be 

25 segmented for display. Another variation is to recognise the low velocity, of Sow hi the 
myocardium as noted above, and to mask or reject signals of low How ve'todty from die 
capillary bed. 

Furthermore, the coronary artery imaging procedine can be controlled to 
reduce miwanied harmonic returns fiom contrast agent In die heart chamber, thereby 
30 minimizing the need for masking or odier echo enniioation techniques. The contrast agent 
can be admini stered through an mtravascmar eadieter. which can be threaded Into the aortic 
root When the contrast agent is injected at die aortic root, die flow of blood out of the heart 
will prevent innnedtate entry ofcoMrast agent mm die heart chambers. Since the coronary 
arteries receive their blood supply fronr the aoMc mot the Injection of contrast agent at this 
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location will cause &« coronary atteiies to fc^ediaMy become Mused wt.tls.-the agent. Tims 
'dm coronary arteries will be thss first straetm® to %ht op with contrast agent which will not 
enter the heart until inaverslug the vascular system and returning to the heart by venous flow, 
at which point a significant amount of agent may be eluninated by Jung filtering. Thus, 
5 dutter from contrast agent In the heart chambers is reduced if not ehadnated for at least the 
initial peri od of the procedure. 

One way to form a planar ultrasonic projectaois image of a volumetric region is 
by means of the technique known as ^lit^visloo/' which is described in US- FaL 
5,305,756. In the sUt-o-vistott techmque a volumetric region is iusenified with m ultrasonic 

.1.0 beam, which is divergent In the elevation dimension and focused in fee azimuth dimension. 
The technique takes its name from the fact that such an image can he formed by use of an 
aperture which is relatively long in the azinmth dimension and narrow hi the elevation 
dhnenslon. An ultrasound beam, produced from $ueh an aperture utilizes dli&aetlon to radiate 
an essentially cylindrical wave-front that* while .focused in arirmith, develops the desired 

JS divergence in fee elevation direction. An elevuhonall.y divergent beam cm also he produced 
by acoustic leases or electronic lenses. For instance, when an element of an array is con vex in 
the elevation dimension or has a lens which is elevationahy divergent, elevaiionaih/ divergent 
heaitts ean he produced by a linear array 10 as shown in Fig. 5a, The elevation and agmnth 
dmtensions are indicated by fee EL and AZ arrows, respectively. The eievahonaliy divergent 

20 beam s will insomfy a wedge-shaped volume 38. Points which, are of the same range locus 
from the array 10* such as those along range locus 28, are acoustically integrated and 
projected at that range onto projection plane 32. TMs acoustic integration, and projection 
occurs at every range in. the volume, so feat the entire volumetric region 30 is projected onto 
the projection plane 32, if the volumetric region contains only or principally signals from 

25 coronary arteries,, the coronary arteries in the -volume will be projected onto the projection 
plane 32 and appear as the Image, Fig. 5b illustrates the same results ham use of a phased 
array transducer 10% In which case the volumetric wedge 60 Is more triangular and projects 
onto a triangular plane 6:2. 

in Figs. 6a and 6b the same volumetric regions 30 and 60 are teoslfled by 

30 sweeping beams focused in elevation and azhnttih over the volumetric regions. Tins is done 
by rocking fee I D array in. the eievation direction as shown by the arrows 42. After image 
planes within the volumes 30^0 have been acquired and contrast signals from fee cavity 
have been removed, points of common range such as those along constant range locus 28 are 
integrated together to project the planes onto a common projection plane 32,62. Once again, 
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m Image m the form of an angiogram Is fenaesi when coronary artery information is 
predominate lathe volumetric mgions30 s e0; 

Figs. Ta.and 7b Misstep a^lfcfcr sfii^x&aiss: tjdbuque, m this ease by die 
electronic synthesis of elevatlomnly divergent beams, wbieh has better sensitivity but 
5 generally lower frame rate -than ^:'«^bN*^«»tof0g, 5, These embodiments use two 
dimensional arrays 1.0% which may be operates! as either LSD or 2D arrays. The transmit 
beams are -made elewttonaHy divergent by paMag the central elevation demmts -first, then 
proceeding to pulse the outermost elevation elements last Fig. 7a depicts a linear array 
scanning format .which scans volmnetrie region 30, and Fig. 7b depicts a phased array 

1 0 scanning format which steers beams in a vohnnetdc region 60. .As m the case of the Fig. 3a 
and 5b embodiments* points at a common range locus in the voiometrie regions acoustically 
Integrate onto -aprojectsori plane 32 or 62 for a projec tion image of the Structure m the 
volumetric regions 30 and 60. Alternatively, the 2D arra y of Fig. 7 cm be focused and 
steered In elevation to effect the scamnng of the volume as showa'M Fig. 6. 

1 5 Where discrete planes of a volumetric region are acquired as described below.* 

they can be combined to form a projection image as shewn in Fig. 2 using votive rendering 
techniques. This tfetee dimensional me&od has lower frame rates tbaix the above "slt-o- 
vision 5 * approaches, but provides greater spatial resolution, less clutter ftoin orf-axis 
refieotors, and more control over the image by variation of the rendering parameters, 

20 Fig. 8 illustrates an tdtrasonic diagnostic imaging system constructed in 

accordance with the principles of the present Invention. A seanhead 26 including an array 
feansducet' 10 is connected by a cable I t ip a beamformer 36. The beamfarmer controls the 
timing of ■actuation signals applied to me elements of the transdoeer array for the 
bmssroission of steered and focused transmi t beams, and appropriately delays and combines 

2.5 signals received Irons the transducer elements to f&mx coherent echo signals along -the 

seaniines delineated by the transmit beams. The tutting of the besmfnrmer transmission is 
also responsive to an ECO signal when it; is desired to synckonize or gate image acquisition 
with a particular phase of the heart cycle, tlse beamformer Is foruier responsive to a scanhead; 
position signal when die transducer is being mechanically moved to sweep nlirasonie beams 

30 over a volumetric region, thereby enabling beams to be transmitted when the transdneer Is 
properly oriented with respect to the volumetric region. 

T he output of the beattrformer is coupled to a pulse inversion processor 3 8 for 

the separation of fundamental and harmonie frequency signals. Pulse inversion processors ere 
well known, in the art aud ate described m XJ.S. Fats. 5,706,519 and 3,951,478, These patents 
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describe bo w echoes fern alternately phased pnlses ess be used to separate harmonic 
contrast signals ivotn Ifeidameotal signals* which is a preferred method of separating signals 
from 'contrast agents for eomimry Mmglsgia accordance mth the present invention. 

The fimdamostat md/bf rMmonie signals may be B mode processed or 
S Doppler processed, depending upon fee desired herniation to be displayed. For Doppler 
processing the signals are coupled to a wail filter 22 winch can distinguish between, flow, 
stationary tissue, and moving tissue. A preferred wall filter for contrast imaging is described 
in PIS. Pat 6>095,980 ? which k-also capable of perforaxmg hamumic contrast signal 
separation. "Fhe filtered signals are applied to a Doppler processor 42, which produces 

10 Doppler power, velocity., or variance estimation. A.pre^feed. Doppler processor tor hamtonie 
Doppler signal estimation is described in U-.S. Fat 6,036,643, Artifacts irom scanhead 
motion wMeb can contaminate Doppler imaging are removed by a flash suppressor 44. 
Various leeinfiques may be used to remove Hash ar&lhets prior to or srrbseqnent to bnage 
formation, meluding the notch Alter technique described hi US. Pat 5> 197,4?? and the irsk- 

15 ma^ filter teeMqiJe described in U.S. Pat S/782,769., The processed Doppler signals are 
stored In a Doppler linage memory 40% 

Signals which are to be B mode processed ar e applied to a B xnode proeessor 
24 which detect^ tbe signal anphtade. B mode processed signals are stored in, a tissue image 
memory 40. 

20 The B mode and Doppler signals are applied to a coordinate transformation 

processor 46, For coxiventlonal two dimensioaaj imaging the coordinate tmnsibrmaiion 
processor vail function as a scan converter, converting polar coordinates to Cartesian 
coprdhiates as necessary and filling spaces between received lines math interpolated image 
data. The scan converted images are coupled to a video processor 70 which puts the image 

25 information into a video format for display of die images on a display 1 00. The images are 
also eoripied to a Cineioop* memory 56 for storage in a loop If that fonetion Is invoked by 
the user. 

When 3D imaging is being performed by the ultrasound system, the coordinate 
transformation processor may be used to scan convert the tissue and Doppler signals in 
30 planes of Image iafomsadon over me scanned volume, or may be used to tmasform the 

coordinates of the image da&i^ jt-tfeass &«sasaoaaai data maoix. Preierahty the ■coordinate 
transformation processor operates in eoopemtion with a volume rendering processor 50, 
which can render a three dimensloriatpresentndon of the Image data which has he processed 
by fee coordinate tiansfbrrnatbn processor. Three dimensional Images of tissue are rendered 
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m accordance with tissue rendefmg parameters 54 which are selected by the user through a 
control panel or user interface (XWh '^&®is-<Sa*^<^l images of Doppler informatics are 
rendered in accordance with Wood low rendering parameters 52. These parameters co.uto>l 
aspects of the mnderhsg process such as the degree of transparency of tlssae i» dre mree 
dimensional image, so that fee viewer can see fee vaseulatee' Inside the tissue. This 
capability is important when 30 Images of Bern tissue and Bow are being rendered, as 
described m U.S. Pal 5,720,291, Thres dimeitsional images can be stored m the Cmeloop*" 
memory 56 and replayed to display fee seamed voiuaie in a dyaamk' paraEax presentation, 
for instance. A three dimensional rendering of flow without the snmrunding tissue, as 
described inthS. Fat. Re 35,564, can reveal the contimuty of Sow of blood vessels and 
obstnaUions in those vessels and is useful for coronary artery diagnosis m accordance with 
the present invention. 

Different transducer probes can he used to scan a volumetric region of tire 
heart which includes the coronary arteries. .Esther a ID (azimuth steered) or a L5P or 1 >75D 
(azimuth steered and elevation focused) array may be moved mechanically to sweep beams 
over fee three dhnensiona! volume. For electronic steering either a i;?5D { rhiMmapy 
eieetrcnieally steered in azimuth and elevauon) or a 2D (felly eleetroriieally steered in 
azimum and elevation} array may he itsed. An : embodiment wMcb nses a 2D array transducer 
is sho wn in Fig. 9, An important consideration in fee use of two dimensional arrays is the 
number of cable wires used to connect the probe to fee ultrasound system. Various 
approaches can he used io reduce the number of cable conductors and thus fee size of the 
cable, including wireless links to fee rfemsouod system, rrriero-ljearnforaiing in the probe, 
digital or analog time mul tiplexing, fee use of sparse arrays, and the use of transmit^receive 
multiplexers. One solution is annf, probe vMch Unnsmits echo signals wirelessly to the 
ultrasound system as described in U.S. Pat, 6,142,946. Another solution, when a cable 
connectionis used, is to partition the beasrtthrmer between the scauhsad and fee ultrasound 
system as described in itS. Pat &1Q&&53, The embodiment of Fig. 9 makes use of ins 
approach by performing elevation beamformfeg m the scanhead 26 and azimuth 
beamf brmiug in fee uitrasouad system 101 , For example, suppose that the two dimensional 
array has 128 columns of elements esctending In the azimuth direction (indicated by fee AZ 
arrow in fee drawing) and six rows Of elements m fee elevation direction (Indicated by the EL 
arrow). If each element of the array were connected by its own conductor to the ultrasound 
system, a cable of 768 signal conduetors would required. In the embodiment of Fig. 9 each 
column of six element is eoupied to an elevation beam&nner 36a which appropriately 
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excites (o» transmit} and delays and combines (on mceive) signals fe>im the six dementi* of 
die eoteasL Has coxabMes die sm signals m each column into one elevation : beaorfonned 
sigaal, which is fhea coupled over a cable eondaetorto the tmtasouBd system, where the 
elevation h®m$Qrm&& signals are' heamformedin the azimuth direction, to the foregoing 
5 example s the 128 elevation b^amlbrmed Signals are coupled over the 128 conductors of a 
cable n s a sigMiieant reduction la cable « as compared to a probe without scanhead 
heatrrfbrnung. At least elevation sleexing is perfonned in the elevation beamforxoer 36s, arid 
preferably both steering and focusing are performed in the elevation beanxformer. 

The operation of the elevation beamforaner is iihsstxated in Figs. 10a sad 10b, 

1.0 In Fig. 10a a beam is being steered normal, to fee array transducer as indicated by the 0 !> 

arrow extending from the elements 10j through 10 R , which comprise a .column of elements in 
the elevation direction. Signals at fee center of the column are delayed more than signals at 
the ends of the column as Indicated by fee relative length of the delays 102 for the different 
elements to effect a focus. Delayed receive signals are combined by a stmurw ;$04> feea 

15 coupled over a signal lead in the cable 1 1 to the aaamntb beaita^brmer 36b. 'Fig. 1 0b illastrates 
me situation when a beam Is to be transmitted or received from the left, at a 30- * inclination in 
elevation as indicated by the 30* arrow. In this case signals on the left side of fee array are 
more greatl y delayed as indicated by me relative length of the del ays 102, Received signals 
ate combined by the summer 1 04 and coupled through the cable to the asamnth beasafbtmer 

20 36b, 

Figs, I la.rl lc illustrate the implementation of the elevation beamfbnuer in 
three differeat ways (neglecting any bnfTeriag or gain elements). Fig, 1 la illustrates an 
analog implementation ia which each transducer element 1 0 !S1 is coupled to an analog delay 
line 1 06 , The length of the delay Is set by choosing the input or output tap of the delay line 

25 and the delayed signals axe coupled, to an analog summer or to an A/D converter if fee signals 
are to be digitally combined. In Fig, 1 lb each transducer element 1.0 m is coupled to a CCD 
delay line" 1 08. Hie length of the delay is set by choosing an input or output tap that 
determines the number of charge storage elements in the delay line or by varying the rate at 
which the charge samples are passed through the charge storage elements, The outputs of the- 

30 delay lines are summed either is samisied analog format or after being digitized. 

Fig, 1 l e ill ustrstes a digital embodiment of an elevation beamformet* M this exampl e die 
elevation beaorfermer hag ,128 sub-be&urformers 120^ each processing the signals horn one 
elevati on colraan of six ttaasdncer elements. Each of the tnursd ucer elements ferough 1 0„ 
is coupled to an A/D converter 1 If and the digMaed signals are delayed by a digital delay 
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line 1 12, which may be formed by a shift register, FIFO register, or random access memory. 
The appropriately delayed signals are comfoi&ei m » summer 104 and coupled over cable 
conductors to fee a^huuih bs^mftopesf. To conserve eafele conductors when using romtibit 
signal samples, the data values ffcara ^^IW'^^d&mifoirm^ channels 120 cm be 
5 interleaved (time multiplexed) and sent over the same group of conductors at a data rate 
sufficient for the desired level of realtime usagbag per&miauoe. 

f ig, 12 illustrates the organization aid control of a surnbsr of beamfbmaet 
channels 120 of a soanhead elevation t^amihtuief . The beamforiner comprises N elevation 
snb-bearnfbrmers 1 2€>r !20 8 where each sub-beamforraer receives signals from a column of 

10 transducer elements in the elevation direction,- as indicated by the nntnber 6 for tMs example, 
Data to control the elevation beamfomung (such as elevation angle and focusing) is sent to a 
timing & delay decoder & data, store 126 in the scanhead 26, preferably serially over a cable 
condbpbxc, This control data is decoded and delay values coupled to a delay control 124, 
which sets the beaudhrnier channels for the desired delays for each transducer element. For 

I S dynamic focusing the delays are changed as echoes «pe received* The elevation aperture can 
he varied by applying zero weights to some of the outermost channels when a smaller (near 
field) aperture is desired. The data received by the timing & delay decoder $& data store 126 
is also -used to control -transmit tmuugby pulse transmitters 1221*122,* #eh <?f : *&&h ■: controls 
the ^ transmission of the six transducer elements in an elevation column in mis example, WUm 

20 recei ved eciio signals are processed is the analog domain as illustrated by Figs. 1 1 a and 1 lb, 
the signals Tkmi die 12$ channels of the elevation beatn&rnier in mis example are sent over 
128 cable conductors to the azimuth beamformet 36b, Whm the echo signals are processed 
digitally the signals .horn the 128 channels are interleaved (time multiplexed) and sent over 
digital conductors of the cable J 1 to fee azimuth feeamformer i n the ultrasound system Wl. 

25 A hue 20 electr onically steered embodiment of the present invention is 

illustrated starting with Fig. 13<TMs dmwlug shows apian view of a 2D transducer array 200 
of greater than three thousand transducer elements. For ease of illustration the small boxes in 
the drawing which represent individual tmnsducsr elements are shown spaced apart from 
each other. However, in a comtrueted eashodlment, the individual transducer elements sue 

30 close packed in a repeating hexagonal pattern. The 20 away has an overall dodecahedral 
outline. In a preferred mode of operation beams are transmitted outward from the center of 
the array and can he steered and feeused m a ecaie of at least ±30* about a hue nomal to the 
center of the array . When steered straight ahead, echoes received from along a transmitted 
seanline are mitiairy received at the center of the array and the** in circular or arcuate 
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groupings of elements centered on and extending outward along fee projection of th e seaoline 
onto fee surface of live array . In fee; itlnshssted eml^dmient approximately the central one- 
quarter of fee elements are used forbeaai tKmsmissfon. Tlie entire mmy is available for echo 
receptfen. 

5 Hie array 200 of Fig* 1 3 Is sees to be drawn in alternate light and dark 

.groupings 202 of twelve transducer elements. One of these groupings 202, referred to herein 
as a "patelf * of transducer elements. Is shown ma separate enlarged view in Fig. .14. These 
h re gular hexago^af patches 202 of twelve e&asaeats are bssinfomied together daring echo 
reception as discussed In detail, below. Elements hi the center of the array (approximately 750 

1 0 elements) are connected in groups of three for transnxission by high voltage max switches. 
Figs, J Sa-1 Sf show raas of the ds-ee-eiernent coaflgumtioas feat are possible during beam 
transmission. Hie. transmit groupings cm also simply be three elements adjacent to each 
Other In a straight line. The exact configuration or configurations used to transmit a given 
beam depend upon the desired beam characteristics aud its aidrauth. Four elements may also 

15 be connected together for transmission as illustrated by die diamond shaped grouping of ikmr 
elements in Fig. X 5g, 

Since a cable with mom than dace thousand conductors is not euirenfty 
practical,, each patch of twel ve elements of the array is beamfonned in fee seanhead. litis 
reduces the number of signals which most be coupled to fee ultrasound system beamfbrmer 

20 to approximately 25fe Then, a 236 channel beamfornier in die ultrasound system can be used 
to feeamform fee partially bearntbnned signals from the soanhesd. 

Because the elements of each receive patch of twelve elements of fee 2D array 
are sufficiently small, contiguously located, and closely packed, fee echo signals recei ved by 
the elements of a patch will be aligned to within one wavelength at die nominal recei ve 

25 ftegneney for steering angles of approximately 40* or less (neglecting focal, delays). The 

echoes of fee elements are then sampled to bring all of die patch element signals into precise 
tune alignment. The sampling is done with a range of sampling delay s with a precision of a 
fraction of a wavelength to bring the signals from all of the patch elements to a time 
alignment within fee precision of the sampling clock quanta, preferably I /:! 6 of a wavelength 

30 or less. The dme-aligned signals from the patch elements are then combined. This 

bsamforming of each patch Is Mt& by rnlci^eleetronics located immediately behind the 
eansdueer array in the sca^mead to facifeafe mtemonnectlons. Sample time shifting and 
alignment is performed by die sampling delay h'ne shown in Fig. S 16 and 17. Each element 
204 of a patch of elements which is to be partially bemnformed is coupled, by way of an 
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amplifier 206 to a sstopliag input swfteb 208. The sarspting mpuS switch 208 is continually 
conducting samples of tfee tr^sdu^rmgsiM o^ capacitors 212 is. a sequential manner. 'Use 
sequesdag of the switch 208 is nnder control <M wunter 210 which is Incremented by 
a clock signal As the dmtosd sfMt of me tmgmmmMs, the sampling input switch is 
5 eonfimmily sampling the input signal oMo suecessiye o&sss of the capacitors 212 m a ckcalar 
nianner. The amplifier 206 has a bipolar output drive so that the charge of a espacito? cm he 
either increased or decreased (discharged) to the instantaneous signal level at the lime of 
sampling. 

The signal samples stored cm t&e capacitors 212 are sampled by a sampling 

10 output switch 214 which samples the stored signals m a sequential mariner under control of a 
second ring couaier 216. As shows byfm darkened segment on the ring of the second ring 
counter 216, the sampling output, switch 214 samples the stored signals in a particular time 
relationship to the input switch and its dug counter- The time delay between the input and 
output sampling is set by a time stutter 220 which establishes the time delay between the two 

1 5 ring counters. Thus the time of sampling of the output signal samples can be mctementaity 
advanced or delayed as a function of the timing difference between the two ring cotiaters, 
'tins operation can be used to bri ng me output signal samples of all the elements of a patch 
into a desired time aiigmnent such as the sampling time of a central element of the patch. 
When the signals from all of the elemeats of the patch are WMila aa^#©4::j^e^s^^%' 

.20 time* the signals can be combined into one signal for hirther l^amfomdng In the ultmsouad 
system, Xh© time aligned output signals are further amplitied by an amplifier 218 and 
coupled to a summer for combimug wi th the signals of the other el ements of the patch. 

Details of a constructed embodiment of the amangernent of Flg> 16 are shown 
in Fig. 17. In integrated circuit fabricaliou the sampling switches do not have rotating wipers 

35 as illustratively sho-wn in Fig. 16, but are formed by a plnraiity of gates 228 . Bach of the 
gates 228 is .controlled by the output of an output stage of a shift register 230.. which is 
arranged to circulate cue 'bit-ami feerntw operate as a ring counter. When the hit is shifted to a 
particular singe of the shift register 230 5 the gate 22S connected to that, stage is closed to 
conduct a signal sample to its capacitor 212:. The output switches are -similarly constructed as 

30 a series of parallel gates'.'!B4» afcd : m:$im&x&y -oo^Hed-by stages of circulating shift 
register 232. Signal samples taken from the capacitors 212 are amplified and resisliveiy 
coupled to a etareht suinowng node for summation with the other signals of the grouping. 

A clock command memory 240 Is located m the scanhead and preferably on 
the same integrated circuit as the sampling circuitry. The clock command memory stores data 
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idmtifytag the tee delays needed for one or more r^eive echo sequences, The control data 
for the current torn is coupled to a cioelc dehty controller 242 which controls the relative 
time relationship between the two ring ism&&M& The coHtroiler 242 does tints by blocking 
deck cycles applied to the fust ting counter 230 irom reaching the second ring counter 232, 
5 or by mscrttag additional clock cycles into the slock signal. By blocking or inserting shift 
register clock pnises to the second ring aatmtet the relative timing between the two nsg 
counters is adjustably advanced or retarded. ITjetiai© aligned samples from ai! of the 
transducer elements of the patch are then combined at a current summing node I Node, The 
summed signals from the patch ate coupled dttongh the scanhead cable to the ultrasound 

10 system beanifornxer. 

Willi the addition of a second sampling output switch for each element 
controlled in a dlfterent time relationship than the first sampling output switch, aa& a second 
simuner for the second sampling output switches of Site patch element a second, receive 
beam can be produced at the same time as fee first receive beam. Thus, each patch becomes a 

1 5 small muMMae receiver receding two (or more) receive beams simultaneously* which is 
useful in the multiline embodiment described below. 

The microbeaaafotftjer' for the patches can utilize other arehiteetures such as 
charge coupled delay lines, mixers,, ami/or tapped .analog delay lines. 

Three dimensional Imaging requires thai the volumetric region he sufrieiently 

20 sampled with ultrasound beams over the entire volume. Tins requites a great many transmit?- 
receive cy cles which causes the time needed to acquire a Ml set of volumetric data to he 
substantial, The consequences of Ibis substantial acquisition time e*e that fee frame rate of a 
realtime 3D display -will be low and that fee images will be subject to motion .artifacts- Hence 
It is desirable to minimize fee time required to acquire the necessary scanltnes of the 

25 volumetric region. A preferred approach to this dilemma is to employ multiline 

beamfornring, scaaluie interpolation., or bofe. as shown in Figs. 18 and 19, While beams may 
be steered in a square or rectangular pattern (when viewed in cross-section) to sample the 
volume being imaged, in a preferred embx>diment the beams are oriented in triangular or 
hexagonal patterns in fee volumetric region to sufficiently and nmfomriy spatially sample the 

30 region being Imaged. Fig, 19a is a eross-seetlonal view through fee volumetric region in 
which seenlfees in the volumetric region are aMally viewed. In this example nineteen 
seanlines are produced for every transmit beam. The seaniiwiocations are spatially arranged 
hi hexagonal patterns. The m1»^^.s«»J^i^;l^i&»s'.-of'on« hexagonal pattern are denoted 
by circles winch represent axial views along the scanlmes. The nineteen scanime locations 
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as© iososufled by a **fat" transmit beam of a .dcsi^-tssimmian imensify across the beam. The 
hspsmit beam In this example is centered on the location, of scan; me 270, and mainuuns the 
desired, acoustic intensity cut to a periphery denoted by the dashed circle 250, which is seen 
to eueoiupass ah nineteen scm$xm lmsi^mm,Jb^^i^tmm&d by ibe elements of the 
5 transducer array we partially beaml5^^-fey.»^ii^be^foTm€sr 280 in die scauhead as 
described above and coupled to a '19k mulMne beamformer 282 in die infrasound system as 
stiowsa in Fig. I Be. In this example a 2D transducer array of 3072 elements is operated & 
patches of 12 elements, producing 256 paten signals Wbleb are coupled to the ultrasound, 
system by a cable 28 1 with 256 signal conductors without nwtidplexing. The 1 9x m&tffim 

i 0 beamfoxmer processes the 256 echo signals received from the transducer patches with 

mnetsen sets of delays and summers to simultaneously form the nineteen recei ve scarJines 
252-274 shown m. Fig. 19a, The nineteen seanlloes are coupled to m image processor 284, 
which performs some or all of the harmonic separation, B mode, Peppier, and volume 
rendering functions previously described in Fig* The three dimensional image is then 

15 displayed on the #sp|# 100. 

Interpolation, may be used to form scaxUme data, either alternatively to or in 
conjunction with multiiine seanllne formation. Fig. 19b illustrates a series of seanlmes 361- 
367 marked by the darkened circles which have been acquired from a volume being imaged 
in a feexagonat pattern as indicated by tbe background grid pattern. The scanlmes 361-367 

20 can be acquired individually or in groups of two or more by mtdliime acquisition* Scaallnes 
at the uodarkened circle locations are interpolated from the acquired scanlines using; two- 
point r.f Interpolation, The hiterpolated scamine 371 is imerpolated by weighting each of the 
adjacent scanllnes 361 and 362 by !4 then combining die results. The weights used are a 
function of the location of the scanllxie being produced m relation to the locations of the three 

25 received scanlines whose values are being interpolated. Similarly, interpolated scanline 372 
is hiterpoiated nsiog adjacent scardutes 362 and 367, and interpolated scantine 373 Is 
lnter|»lated using adjacent scanlines 361 and 367, Each group of three scanlines is used to 
interpolate three intermediate siemiines using weightHjg factor which are a factor of two (2 4 ) >: 
enabling the hiterpoiatton to be perfornsed rapidly by sinfting and adding the bits of the data 

30 being Interpolated- This avoids the use of multipliers and aiuldplicatioa and affords high- 
speed processing advantageous for realtime 3D display rates. 

Fig, X9e Illustrates a rinthex iteration of the interrKilaiion of Fig, X9b in which 
die scanline density of the vohane is increased even further by interpolation, hi this 
Illustration two further sets of scanlines 381-383 and 387-392 are Interpolated between the 
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previous set These scnulines may be feterpoiated using ; -fee .previously interpolated set of 
scsjdiaes, or fftey may be Interpolated Erectly .(Sad. dmutae^nsty, if desired) from fee 
acquired sesnllnes 361,362,367. These seat^mes also have fee advantage ofbelag weighted 
by weighting factors which are a factor of two. The set of mterpalated scanlines most central 
5 to the three shelved seanlines :! 3Sl~3^.-ai»:kt^oiaKd--u^»lg weighting factors of ¥z and % & 
Scardme 383, fox Instance, is produced by fH{^aiilMe 361) * V*(s&auMne 362) + 14{scapline 
367}). The outer set. ofscaaiines is reduced by14M weights m described in U„S. Fat 
5,940,123. Soanline 392, f Or instance, k prodace4 by {H(seardi».e 367) + -%(sc8alke 361.)) or, 
to avoid multipIic«tioB, (Y^scmixm 367) ** ^{seanliae 361) + ^(seanf-fee 361) + ^{scaafee 

1 0 3 6 1 ))« FI g , 1 9c illustrates correspondmg sets of interpolated scaaMaes for received scanlSxies. 
362,363,367, including fee centra! group of seaniiaes 384-386, and the enter set: of seajiliaes 
393»396. To reduce- motional ardfacls. fee received scaalme data can he filtered in either r>£ 
or detected form prior to display. 

The above example uses a linear feterpolation filter kernel. It is also possible 

15 to use an interpoiastlon kernel that has a non.4mer shape (snob as, for example, cosine* sine, 
etc.) f lowever the filter coefficients of these other filters will generally not have the desirable 
power of twr> properly. 

The use of patches to reduce fee sbse of the cable needed to connect fee 
soatfeead to the ulnusoimd system may, raider certain operating conditions, give rise to 

20 mtdesired grating lobes fa the seaahead's beam pattern, This is due to the grouping of 

individual: transducer dements into a single mnt, gi ving the transducer array a coarser piteli, 
even with the use of micro-beanifomsing as described above. This problem cac he reduced by 
considering each patch to be a siah-apermre of fee entire 2D array which is capable of 
receiving signals from multiple, closely spaced scanlmes in the. transmit beam .held. The 

25 signals from fee sno-apertures can be delayed and summed to form a group of multiline 

received scanibies. Grating lobes winch arise by reason of the periodicity of fee sub-apertures 
and cm contribute cintter to the fisal image are reduced by producing two or more differently 
steered signals ftom each sub-aperture (patch). The steering difference -is kept small, wifem 
fee heamwldth of fee patch. By keepfog &e steering delay profile less fe.anX/2, significant 

30 grating lobes are kept out of fee image field, 

A simple ID exmnple iltostrates these effects . Consider a sixty-four element 
ID linear array with inter-element spaemg fpitou) of %J2, The array is divided into four 
patches of sixteen elements each. Two beams are steered to fee lett and right of a nominal 
direction on each patch. The steering angles are limited so feat other Lines or samples can be 
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jaterpolated between these two received mvMBim, If Is desirable tor the muMmieS to be 
radially far enough apart to «spporf the cre^on of interspace interpolated lines, bat d«se 
enough together so tfaatrX inierpohaion will not fosm artifacts dtse to spatial mdexsanipimg. 
For example, If the steering delays are limited to oone^rxmd to less thasm ±Xf% then die two 
5 steered beams from each patch will fall witoln aprmadmateiy the «ldB width of the nosaaal 
patch beaaipattem< Also* because die steering delay betweea the left and right muliiliae on 
any element is thus limited to X/4> t£ ktorpoiaied hues saa fee- produced using ». simple; two 
tap interjKdation filter QJ2 delays -would correspond to the Nyqaist criterion). The %/$■ delay 
limitation limits the steering angle to apprnximately ±{H8)/(4*a} m 1/32 radians. Thtoi the 

1 o angle between lite left and right mnMlines eaa be about 1/1 6 radians, or about 3.6 degrees. If 
two other [uses are symmetrically iuterpoiafed between the two received multilines, the 
resulting line spacing is appRmimately 1 ,2 degrees, A greater msmb&t of more clo sely spaced 
multilines or iaterpoiated. lines cm also be produced as desired. 

In the ID array example, instead of prodaeing a single scanliue from each 

1 5 patch steered in the noaiiaal steering direction, two scanlMes are produced, one steered 
slightly -left of the nominal steering direction and one steered siigbtly right In the case of a 
2D array, several variations are possible. For a rectilinear 2D array, fow seardines are 
podneed tor each patch, steered left, right, ap and down in quadrature relationship,- For a 
triangular^based 2D array such as a hexagonal array, three seaniin.es are produced at rotations 

20 of 120* as shown m Fig. 18d, The scanlines produced in this drawing are identified as Bp, 
%t2$and respectively, where the subscript nuaiher refers to the direction of rotation la 
the plane normal to the nominal steering direction of the patch and the angle # * s the small 
angle- at which each seanliae is tilted from toe nominal steering direction. The angle $ is kept 
snsail us described above so that toe three sdanllnes are faspi within the beamwidth of toe 

25 nominally steered beam. Fig, 1 8c illustrates a single seanline Bo oriented normal to the patch 
202, as would be produced by the system shown in Fig, 18a, which has a beam nominally 
steered normal to the fece of the patch 202. 

Although fee foregoing exaniples suggest the use of a rectangular scan 
geometry for a rectilinear array and a triangular scan geometry tor a hexagonal array, the 

30 scan geometry is not intrinsically linked to array geometry , A metangular .scan can be 
performed using a hexagonal array and vice versa. 

A system operating as illustrated by Fig. IBd Is shown in Fig. 1 &fe. The 
scanhead in this drawing mcladns a 12 element patch m|ei»toeamtormer which produces 
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three muMIioe signals from each pateh (B^s, B^asa&d Bp4& for example) instead of one line 
m&M ilmmicm^mnfomxm: 2m of Mg. !$& The sBiqm-beanrfbnned. patch nmfti&es are 
seat over the a conductors of a cable 351 to &e Mtrasomsil gf stem's nrahiiiae heanifonaer 
352. The- muldiiae seaniines pxafc # of the patches am combined in the system. omttlline 

S beamionmer 352 to form multiple seamines. It is also possible to perform r.£ kteipoktlon 
"between the-muitilms seaniines. However mtheE than combine (be&mferm) the oaoMline 
signals frem each patch m& then -p^om-tiis-h^exp&b^m on the beamfbrmed signals, it is 
preferred thatrX interpolation is performed on signals received from each patch separately 
phor to beamforrning eombmation. In this case, prior to the weighting and sturnoaliou 

10 operations ofrX interpolation, each patch signal for each nominal steering direction is 

slightly delayed or advanced by m amo5uat detenmned by each patch position sad die effect 
of the Interpolated fine from the nominal line. The efiect of the delays is to .masdaj&se $n» 
coherence of the patch wayefooas combined In the r.f, interpolation step. This redoces 
interpolation errors and improves sensitivity. Specifically., if N Interpolated fiaes are 

1 5 produced fiom M patches, each patch having K Multilines, then MM r.f. interpolators ate 

requhed with each Interpolator preceded by K delay states, one for each mnIdlme. Tys same 
approach (i^ s delay 4- inch* vidua! patch r.f int^poktioa p&ot to. psteh- s^al-combMpJi)- 
can also he used on patch signals received from different directions hi a non-multdine mode 
provided that target motion between successive transmits is not excessive. The multiple 

20 scaplmes are tlten processed by die image processor 284- and displayed on die display 10$ as 
described previously * The nnmber a of receive signal conductors oft&e cable is 761 if three 
mnitllmes: feom each of 256 patches are sent sirauhaneously without maMpIexing, a number 
winch ems be .reduced by multiplexing if desired. The patch mnltOmes received by the 
ultrasound system «a» be interpolated to form additional scanlin.es prior to system 

25 hearnfermarion if desired. However, since the processing of interpolation <weigfeth*g.a»a 

smmrdng) is mathematically compatible -with that of bearn&rrnatian, the patch mmidioes can 
he supplied directly to the system beamformex for fotmadon of beandbrrned amMlIuas. 

Several display Ibrmats may be used for the three dimensional display of the 
present invention. Fig. 20 shows a volnmetric region 300 which is being scanned by a 2D 

30 transducer array 200, The volmnettie region somned can he in any desired shape, sash as 
saaare* cylindrical or pyramidal, depend&g upon the steering of the beams from the 
transducer. In this example the volumetric region 300 is shown as a hexagonal pyramid. 
Shown within the volumetric region 300 is an image plans 302, which Is delineated by the 
double lines. The image plane 302. is seamed in a fee luterisaved .maimer as die volumetric 
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region 300 is scanned. "Hie timn mter!sa.ymg enables the echo data torn the image plane 302 
to be fully acqiured m less time than that reqthred to scan the fsM volumetric region 300 and 
the feme rate of display of the Image plane 302 fetes greater than that of fee volumetric 
display. The time- mferfeavjxsg of me volujaetrio and ptesr Image data Is Illustrated by Fig. 

5 21 . 'fids drawiag shows a data is acquired for the 

volumetric display. This sequence is j^iiodlcally intermpted dnring which echo data E$t& for 
fee planar display is acquired. Some of the planar echo data east he used for both displays. 
The relati ve dm-atioas of the sequences and the uumher of transmit-reeeive cycles needed for 
each display determine the frame mte xelatlojBhip of the two displays. 

1 0 The volumetric arid the planar images are pmferably displayed together as 

illustrated mHg. 22. On the left side of fee display 100 is a tferee dtxaeasional display of the 
volumetric region 300, which shows the sUmTare 304 in the volumetric region in a three 
dmienslonai presematlon. On the ri ght side of the display 100 is the two dimensional image 
plaae 302, effectively showing a eat plane 306 through the tee dimensional structure 304. 

IS While the frame rate of display of the three dimensional image 300 may be relatively low,, the 
feme rate of display of the two dimensional image 302 will he much Mgher. which is useful 
when diagnosing nxwi^^ ^ 

dlmenslonai plane 304 will be indicated In the three dimensional display, as shown In this 
example. This gives the user a basis of reference lor the two dimensional image plane within 

20 the volumetric region. The aser has the ability to move the location of the ent plane 30S 

within the vohnnetric region so that a selected pathology cm be viewed at. the higher hame 
rate. By maalptuahng a pomthig 'device such as a moose or trackball fee position of the 
image plane 302 within the volumetric region 300 can be chaaged on the left side of the 
display. The user is given a choice of rotating the ait plane about the center axis of the 

25 volumetric region, or of dragging or moving the eat plane to an arbitrarily chosen position 
within the volume. Thus, the display 100 displays a volnrnetric region at a relatively low 
Same rate, and a selected plane at a higher realtime frame rate. This method applies when die 
cat plane extends from the transducer aperture,, feat Is ; the cot plane is not a M c" plane. 

Another use&l mm Interleaved display format is shown in Fig. 23. Instead of 

30 Interrupting scanning- of the volumetric region 300 to scan an image plane, the seamnng of 
the fall -volnrnetric region is interrupted to scan a smaller -volume 306 within fee volumetric 
region 300 for a higher feme rate of display of the smaller volume. The scanning sequence is 
therefore E300, Es^.Ejgas E39& B30& and so fordr Fig. 23 shows the display of the full 
volmneixic region 300. Outimed within the vohrmetric region. 300 is fee smaller volumetric 
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region 306. The smaller volume region is shows mm enlarged view at fee right side of the 
display. Since the smaller Vohsme 3M Is fully scanned more frequently ihm the' Ml: 
volumetric region 300, me feme rale of display of the smaller volume is greater than that of 
the Ml volumetric region. The nmnber of tesas and hence the time required to scan the 
5 sm aller volume Is a feactloa of the lateral dioteasioris of the smaller volume, the plane of Kg. 
19, which is this example are me dimeasiorjs of tap 308 and bottom areas of the smaller 
volume, Tims the inane rate €4" display of the smaller volume, m& of both .volumetric 
displays, est* he Increased by reducing the size of the top 308 of the smaller volume. As la 
the pre vious example, fee user may have the choice of rotating the smaller volume about a 

1 0 center line within; the volumetric region or relocating the smaller volume to a desired 

arbitrary location witMs the volumetric region 300. In this example the user has positioned 
the smaller volume to encompass a portion of a mtormy artery 12 which is to be closel y 
diagnosed for signs of obstruction, which may be -more confidentl y done its, the enlarged* 
higher frame rate smaller volume image 306, Such a diagnosis woold preferably be done 

15 Mag a Doppler mode* and preferably the power Doppler mode with surrotrndlng tissne 
rendered Mghly transparent or completely enmlnated. 

Figs. 24-26 illustrate another display fexm&t which is useful for eoronary 
artery imagmg as well as other vasctdamre. Fig. 24 illustrates a volumetric region 300 which 
includes a tlsreedimeusiojud Image of eemnary arteries. A mam artery 310 extends fern the 

20 left side of the volume and subdivides into branches 3 12 and 314. As shown and described 
above* me coronary arteries follow twisting., torluoas patiis as they traverse the surface of the 
heart- A more comldent diagnosis could be obtained if these arteries could he effectively 
'Istraightersed out" for diagnosis. Figs, 25 and 26 illustrate a technique for doing so. The 
clinician denotes a particular vessel for diagnosis, such as artery 310, The ultrasound system. 

25 feem automatically traces the designated vessel. Ooe way to do so is illustrated In Fig, 25, in 
winch the abscissa is die spatial dimension of the ulfrascmnd image and the ordinate Is the 
intensity or hrighiBess of the image. The ct&Ve 320 illustrates the change in color or 
brightness across artery 310 from one side of the vessel to the other. For example, the vessel 
may be colored red against a gray bacfcgrpxjnd. Tl^e color red would increase as cue side of 

30 the vessel is encountered and the curve 320 rises at 310a, ®M decreases at the other side of 
the vessel at the downslope 310b of the curve 320, From slopes 319a and 310b fee ultrasound 
system ears readily determine the center 324 of tire artery read can djerefote trace along the 
center o f the vessel in the Image, if me automatic trace iDcorreetly branches,, such as 
foOowmg branch 312 when the eUniciaa would hfe fee traeeto follow branch 314. the 
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elioieian ©an click on hrmch 312 to eraseits mmm&s^mbimzh 314 to coixtmae the 
trace of &(i&r$ 310 oato branch 314, 

Once the desired vessel path is {dentilied, the wssel path is redisplayed in a 
sixaigfe* path along Its oeMerlirie 324 as iswa m Fig. 26. The vessel can be displayed in a 
emss-sectioaal view along the eentedlse if desired or, sMee the vessel is in three dimensions 
m the image of Fig. 24 the vessel «ui %e *mms$®P^' ^ Ol«»r eirennderesee displayed 
as the image height fc in Fig. 2d, Whem the -vessel is shows la this ''straightened" display and 
enlarged as desired, ©bstruedons m the flow path sach as that showa at 322 can be mom 
readily identified. Qbsn-octkins cm often be mops readily observed in an "anwmpped" 
display of the vessel ekesjmferenee. 
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1 . An ultrasoalc diagnosfc scanhead comprising: 
a seanhead enclosure; 

an array of transducer skmeBfe exMMirsg M at least two dimensions, located 
ktk seanhead enclosure., and exMhiring aplumlity of 'groupings (patches) of localized 
5 elements; 

a plurality of njicrobeamfotiuers, located in the seanhead enclosure and 
coupled to the patches:, each of which acts to feeainibrm the signals received by the elements 
of a patch to produce at least two differently steered receive beams (multilines) from one set 
of received echo signals. 

m 

2. The ultrasonic diagnostic seanhead of Claim I , wherein the aiay of transdtiqer 
elements comprises a two dimensional array; and wherein each patch comprises a sub™ 
aperture of the two dimensional array which .is capable of receiving sigxtais for miutiple 
scanlipes in fee field of a transmit beam. 

15 

3 . The ultrasonic diagnostic seanhead of Chum 2, wherein each 
microbeanrformcr acts to produce two. or more differently steered signals from a sub-aperture 
patch, 

20 4, The ultrasonic diagnostic seanhead of Claim 1, wherein each 

microheaniformer steers received ranltdmcs to be within the beamwidth of a nominally 
steered heatn. 

5 . The ultrasonic diagnostic seanhead of Claim I , wherein the array of transdneer 

3.5 elements exhibits a rectilinear geometry, and ^yherehs. each nneroteunformer produces at. 
least four seaniines fern a set oF received echo signals. 
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6, TM «ltrasomc diagnostic scarihead of Claim 5, vdierein me foorscanlirses 

comprise maMmes spatially aar^&gdi i& a qiiadratair© r^MionsMp about a nominal steering 
direction. 

5 7, The ulfcasoai© diagnostic seatmead of Claim 1 , wherein the array of transducer 

elements exhibits a t«aagulaJ>based : ge^r&s^* and ^faek each miorobeamirbrmer produces 
at least three scantiness from a set of received echo signals. 

g, The ultrasonic diagnostic sesnsfeead of Claim 7, wherein the three soarilnes 

1 0 comprise andtllines spatially arr aoged m evenly spaced angles of rotation In a plane norma! 
to a nonrenal steering direetioa. 

9, hi m ulfirasomrd system, an ultrasonic scatmead having an array of transducer 
elements extending in at least two dimensions and axiaaged m sub-aperture patches of 

1 5 localised: elements, each patch being coupled to a nucroheamtjrmer in die seaintead which 
nets to beamforra the echo signals received by the patch, a method for producing mnltipie 
scardiues in response to a single transmit event comprising: 

transmitting ultrasonic eaergy from elements of the array; 
receiving a sequence of echo sigoais m response to the u-ansnutted energy at 
20 the elements of a plurality of sub-aperture patches; and 

Ibrming multiple diitbremiy steered seaniines m amicrobeatnlbnner for each 
patefe from the sequeace of echo signals reeeiyed al tbe respective patch. 

10, The method of Claim % further comprising: 

25 coupling the multiple steered scaMmes of a plurality of patches to m 

ulm&souod system heaautbrmer; and 

processing fee nmlbple steeled seanltnes of the patches to produce a. plurality 
of motilities in response to the transmit event 

30 1 1 . The method of Claim % taller comprising: 

coupling the multiple steered scashnes of a plurality of patches to an 
idtxasound system processor; and 

mterpol atmg the multiple steered scauimes of the patches to produce a 
plurality of seaniines in response to the tmnsmst event. 
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12. An altrasoak diagnostic imagmg system comprising: 

a wambmd hmm$ a two dfeeasio&al array transducer, the elements of which. 

are grouped into patches of localized ekmmts dating echo reception, and a pfarafity of 
5 roicmbeamfbrmers each coupled to a patch which act to produce nioltiple, difesnily steered 

miutiimes for the patch m response to a smgte ftmsmit eveM; 

a signal transmission device ccfopied to the microbeamformexs; and 

an ataascrtmd system feavirjg a beaiBfomier coupled to the signal transmission 

device which acts to heamfona a pha^ltty of seardmes from the patch tmdtiHaes. 

10 

13, The ultrasonic diagnostic imaging system of Claim 12, wherein the isltxasonnd. 
system further comprises an Interpolator respotssive to the patch muMlhses for ptx>dsdBg 
interpolated scanlises. 
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